This study analyzes the effects that a bio-inspired blade shape has on the size and structure of a tip vortex. The blade prototype was selected based on the analysis of various insect orders with the purpose of finding wing profiles most suitable for the design of small rotorcraft propellers. Flow simulations are conducted around the bio-inspired blade and in its near wake using commercial CFD software Star-CCM+. Results are compared with those for a rectangular blade. A vortical structure is captured downstream of both blades. Flow data related to these structures is used to show that the bio-inspired shape produces weaker vortices, making it more desirable for rotorcraft implementation. 
I. Introduction
vortex is recognized as an area in a fluid where a flow has a high level of rotation about an imaginary axis. Vortex phenomena are ever present in turbulent flows and are a mechanism for momentum transfer and energy dissipation. Mathematically, vortices are generated from the balance between the pressure gradient, the centrifugal force, and the Coriolis force in the momentum equation 1 . A specific type of vortex, called a tip vortex, is often encountered in lift-producing applications such as wings and blades. The pressure differential between the wing pressure and suction surfaces accelerates fluid around the wingtip, thus producing a tip vortex 2 .
Tip vortices are characterized by high swirl velocities, low vortex core pressures, and axial velocity deficits with respect to the surrounding flow 3 . Tip vortices are undesirable because they reduce the wing lift and increase wing drag, which is also known as lift-induced drag 2, 4 . Reduction of induced drag is highly sought after because close to 40% of the total drag on an aircraft is caused by this contribution to the total drag of a flying object 2, 5, 6 . Interactions between tip vortices and the fluid medium in which they exist may change the fluid properties substantially, leading to cavitation in hydrofoil applications 2 . Tip vortices are also a significant source of noise in helicopters and fixedwing aircraft due to the highly unsteady flow in the vortices 2, 7 . Based on the negative effects that tip vortices have on aircrafts and their surroundings, it can be concluded that the understanding and prediction of the tip vortex structure and vortex dynamics are of significant importance for all branches of aerodynamics.
Because wingtip geometry strongly affects vortex drag, wingtip optimization has received a great deal of attention 5 . As a result, a large number of patents for different mechanisms aiming to reduce tip vortices exist. The classical approach is to design wing geometry in such a way that it reduces tip vortices [8] [9] [10] . However, different methods such as active flow control by suction or blowing have been patented as well [11] [12] [13] [14] . Difficulties related to the constant power supply necessary for active flow control make it unrealizable or highly inefficient for aircraft application; therefore, only geometric changes to wing profiles will be considered in this study. A number of studies have shown a decrease in tip vortex contribution to drag by making a variety of adjustments to wingtip geometry in aircraft. These adjustments include the addition of winglets, and endplates, and the modification of wingtip geometry [4] [5] [6] . A substantial amount of research has also been done in flight of biological species. After all, nature is an excellent place to look for wing designs because flying creatures have evolved over millions of years to obtain efficient well-performing wings. Similar to aircraft wings, tip vortices play an important role in avian and insect flight despite of the vast differences in flight regimes of various species. The shape of bird wings has an impact on tip vortex behavior 2 . It has been determined that gliding birds, such as condors, use winglet-resembling features, called wing slots, at the tip of their wings to reduce induced drag [16] [17] . Nature also seems to be aware of the effect that tip vortices have on acoustic noise production. It has been reported that owl wing tips are designed to minimize tip vortex noise to avoid being detected by prey 2 . Insect flight has proven to be much more difficult to understand than avian flight because measured forces in steady wind tunnel environments have been much smaller than required for insect flight 18 . To support the body weight, insect wings typically produce 2 to 3 times more lift than can be accounted for by conventional aerodynamics 19 . Insects are known for employing vortex formations to acquire the increased lift necessary for flight 20 . The tendency to stall at high angles of attack has been eliminated in insect flight by fluid interactions related to tip vortices 21 . Multiple studies have attributed high lift aerodynamics of insect flight to flow separation and vortex formation 22 . Many researchers have shown that wing corrugation improves lift via vortex generation [23] [24] [25] [26] . An experimental study shows that the tip vortex contributes substantially to the lift produced by a flat plate with the aspect ratio and motion amplitudes similar to those found in Nature 27 . Based on the aforementioned findings, it seems like Nature has done a fantastic job producing realizable wing geometries that are capable of sustained flight in an efficient manner.
As it was previously mentioned, the flight regimes for birds and insects are very different. Applying Nature's strategies to fulfill engineering goals requires further definition of the engineering application so that the appropriate flight regime corresponding to specific biological species can be selected. The ultimate goal of our research is the design of a small flying vehicle suitable for a residential area. Currently, we are exploring a potential of verticaltake-off-landing (VTOL) vehicles such as small rotorcrafts for this purpose. Therefore, the objective of the current study is to select an insect that displays flight characteristics similar to those of small rotorcrafts. A rotor blade design based on the insect wing of choice is studied using computational fluid dynamics (CFD) tools. The magnitude and structure of the tip vortex generated by a bio-inspired blade is analyzed and its performance is compared with that of a rectangular blade.
II. Insect Specie Selection
Advances in electronics and manufacturing methods have made small flying vehicles widely available to the public. It is assumed that with time, the size of such vehicles will grow, enabling personal rotorcrafts to be used for recreational and personal transportation purposes within and around city limits. Some of the desired rotorcraft characteristics include efficient propulsion mechanisms to reduce power consumption, low noise levels, a small foot print to enable vertical landings and take offs from locations with high obstacle density, the ability to achieve and sustain controlled flight and the option to carry a payload. Clearly, the geometry of the propeller(s) will play a crucial role on the performance, efficiency, and noise of a rotorcraft.
The ability to hover is an advantage of rotorcrafts. Since hovering is a seldom occurrence in avian flight, we chose to analyze insect species for our design goals. Interestingly enough, insects display many traits desirable in a VTOL vehicle: they fly efficiently to spend as little energy as possible, they produce low noise levels while in flight, they have been observed to fly in a wide range of flight conditions, their wing size is typically of the same order as their body, their flight is stable and controlled, and their shape and mass vary from order to order. In our study, we relied on data collected by biologists for different insect orders. The orders were categorized depending on their relative size, motion, and shape of the wings. From the existing insect orders, the following were considered 28 for the initial prescreening: Coleoptera (beetles), Heteroptera (true bugs), Blattaria (cockroaches), Lepidoptera (moths and butterflies), Odonta (dragonflies) Homoptera (aphids, cicadas and tree hoppers), Hymenoptera (ants, bees and wasps), Diptera (flies).
Insect orders containing multiple pairs of wings where the outer set is shell-like were dismissed because complicated aerodynamic interaction between both sets of wings would be extremely difficult to implement in a rotorcraft setting. The aforementioned restriction eliminated the Coleoptera, Heteroptera and Blattaria orders as options.
Insect orders possessing wings significantly larger than their body size, such as Lepidoptera (butterflies), were eliminated from consideration due to the VTOL vehicle requirement to have a small footprint. A rotorcraft blade generally has a small wing area compared to the largest body cross section, which eliminates the Odonta order because their wing areas are usually much larger than the largest body cross section. The wings of the remaining insect orders, Homoptera, Hymenoptera, and Diptera, needed to be subjected to further analysis through the use of data from biological studies to define the best candidate for the rotorcraft blade implementation.
Flight velocity, power consumption (in the form of wing beat frequency), payload carrying capabilities (in the form of insect mass), and a pre-existing metric, wing loading (ratio of mass to wing area), were used as variables to rate wings belonging to the remaining insect orders. Data for a number of insects considered during a previous study 29 is provided in Table 1 . Using wing loading values as a measure to qualify desirable insect orders is not effective because all four insects have similar wing loading values despite of the variation in insect mass and wing area. Insects with small wings and large masses are still able to fly because their wing beat frequency is typically higher than that corresponding to an insect of the same mass with larger wing size 30, 31 . However, increasing the wing beat frequency is not desirable for rotorcraft implementation because doing so would increase the acoustic noise, mechanical vibrations, and power consumption of the rotorcraft. Noting the limitation that wing beat frequency imposes on rotorcraft applications, it is a variable that should be taken into consideration when selecting an insect species. Wing beat frequency tends to be positively correlated with flight velocity and mass for most types of insects 32 . This creates a constraint on the approach to solely decrease wing beat frequency to improve the rotorcraft performance. A new challenge to minimize wing beat frequency without sacrificing flight velocity or weight-carrying capabilities (i.e.: insect mass) arises. A new figure of merit, IP, is introduced to quantify the desirable characteristics. IP is defined in a way that emphasizes the need to maximize weight-carrying capabilities and flight velocity while keeping wing beat frequency a minimum. IP is defined as
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where m is the insect mass, W is the wing loading value, U is the insect's maximum flight velocity, and f is the wing beat frequency. Calculated values of IP can be found in the last column of Table 1 for the corresponding insect species. Comparing values of IP from Table 1 , one can notice that the IP-value corresponding to the cicada are at least an order of magnitude greater than for other insects. After performing the qualitative analysis and a very basic quantification of insect characteristics included in this section, it has been concluded that cicadas are the best-suited candidates for rotorcraft applications. A beneficial byproduct of selecting cicadas is their relatively large size with respect to most insects. Larger wing characteristics should presumably scale better to larger scale applications, such as VTOL vehicles, and measurements of wing properties will be easier to perform. The main drawback of selecting an insect with a low wing beat frequency and a large size is that they tend to display less controlled flight behavior when compared to their counterparts. However, this drawback can be easily addressed without a substantial sacrifice in performance by employing well-tuned onboard control systems.
III. Simulation Parameters

A. CAD Model
The insect wing used to generate the 3D CAD model was obtained from an adult cicada. The wing is composed of a brown venation structure, which provides structural integrity, and a very thin colorless oblated membrane that acts as the lift-producing surface (Fig. 1) . To generate the CAD model, measurements of the venation structure thickness were performed in the span-wise direction; however, the small size and large variations of vein features made it difficult to obtain accurate measurements throughout the entire wing. There was a slight amount of nonuniform camber present in the insect wing but it was not taken into account during the creation of the CAD model. A photograph of the wing sample was used to obtain an accurate representation of the overall wing shape. The wing outline in the photograph was used as a guide to draw the shape of the wing from the top perspective in the CAD package, SolidWorks. To ensure that the digital wing was dimensionally accurate, dimensioned lines were part of the photograph. The lengths of the dimensioned lines were matched accordingly in the SolidWorks environment. A wing thickness of 0.8 mm was used for both blades, which was a value in the range of recorded thickness measurements. The maximum length in the span direction of the model was 45.1 mm. Chord measurements ranged from 3.4 mm, near the base of the wing, to a maximum of 17.5 mm near the middle. The surface area of the resulting model was computed in SolidWorks as 576 mm 2 . The procedure described above resulted in a blade with no camber or twist and with a uniform thickness. Square edges of the CAD model were rounded with a radius of 0.4 mm to facilitate meshing and reduce numerical instabilities in computations. The rectangular blade was designed to match the thickness, span length, and surface area of the bio-inspired wing, resulting in a chord length of 12.8 mm. Its edges were rounded similar to the bioinspired blade. Figure 1 shows a side-by-side comparison of the cicada wing and the CAD models.
For the rotating blade simulations, the CAD models were scaled so the maximum chord length was 12.39 cm. The blades were fixed onto a hub that composed of a cylinder with the diameter of 2 chords and the length of 3 chords. Two hemispheres with a radius of 1 chord capped each side of the cylinder. The blades were fixed at location 1.25 chords along the hub.
B. Computational Domain
Different computational domains were used in flow simulations for fixed and rotating blades. In the fixed blade simulations, dimensions of the computational volume are 0.25×0.3×0.4 m in the x-, y-, and zdirections, respectively. The origin is located at the bottom left corner of the computational domain (Fig. 2a) . Figure  2a can be used to understand the orientation of the blade (shown in blue) with respect to the computational domain. The flow and blade chords are in the z-direction. The y-axis is normal to the flow direction and the blade spans are parallel to the x-axis. Within the computational domain, the blade is located in such a manner that its root is on the y-z boundary of the domain corresponding to x=0 m. The root chord line is located at y=0.15 m, which places the blade in the middle of the computational domain in the y-direction. The midpoint of the root chord line is at x=0.175 m from the inlet, which is equivalent to roughly 14 rectangular blade chord lengths.
Figure 1. Cicada wing and CAD models
The unstructured meshes were generated with Star-CCM+'s built-in mesh generator 39 using the Polyhedral Mesher, Surface Remesher, and Surface Wrapper models. A number of polyhedral mesh elements was varied from 0.5 million to 3 million. Two volumetric controls with elements of uniform size were incorporated into the meshes to detect the tip vortex and better resolve its structure. The volumetric controls are shown as lighter and darker rectangular areas in Figs. 2b and 2c. The absolute element size of the volumetric control section shown as the lighter rectangular area in Fig. 2b is 6.5 × 10 −4 m. In the darker rectangle area, the absolute element size is 4 × 10 −4 m. Outside of the volumetric controls, the minimum and target surface sizes are 4 × 10 −4 m, and 1 m, respectively, and the surface growth rate is 1.3.
In the rotating blade simulations, the computational domain is measured in chord lengths of the rotating blades. The maximum chord length for the rotating blade simulations is 12.39 cm, and the dimensions of the computational volume are 25×25×35 chords in the x-, y-, and z-directions. The blades are placed at 10.25 chord lengths from the inlet in the z-direction. The blade hub is aligned in the z-direction. Figure 3a shows the rotating blade's orientation and location within the domain. A cylindrical region was created within the control volume that contained the blade and hub and rotated about the z-direction at the rate of 6 rps.
The number of elements used range from 611,000 to 3,179,000. Volumetric controls are used to control the cell size and density in the areas of interest, such as near the blade tips, along the path the tip vortices would travel in the wake, and the rotating region of the computational domain. The growth rate from the surfaces is 1.2. Outside the volumetric controls, the computational domain is filled with polyhedral cells. The growth rate of the polyhedral cells is 1.0 to ensure a high enough grid resolution in the wake area. Five prism layers were used around the blade and hub with a growth rate of 1.3 and a thickness of 0.05 chord lengths. Figure 3 shows the grid configuration at various locations.
C. Boundary Conditions
In the fixed blade simulations, the flow inlet, upstream of the blade, is set as a velocity inlet with a velocity magnitude of 69 m/s, which corresponds to a Mach number of 0.2. A zero-pressure gradient flow is obtained by using a pressure outlet as a boundary condition for the outlet. The plane of the domain in contact with the root of the blade is set as a symmetry plane and the rest of the boundaries are set as a free stream.
In the rotating blade simulations, the flow inlet is set as a velocity inlet. A pressure outlet is set as the boundary condition for the outlet. The remaining four boundaries were set as free stream. At all boundaries, the velocity was set as 0 m/s. As a result of this, any movement in the flow simulations is solely caused by the rotation of the blade and the hub.
D. Numerical Methods
The simulations were performed using CD-adapco's CFD package, Star-CCM+
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. The implicit unsteady model was used with the first-order temporal discretization. The flow equation model selected was coupled flow. A second order discretization scheme was used with implicit integration using the algebraic multigrid (AMG) linear solver for all flow variables. The AMG solver employed a Gauss-Seidel relaxation scheme with a bi-conjugate gradient stabilized acceleration method. A hybrid GaussLeast Squares Quality (LSQ) method with the Venkatakrishnan limiter was used for gradients. The second order convection scheme with the AMG linear solver was applied to the turbulence model equations. A Gauss-Seidel relaxation scheme was also used for the turbulent variables without the acceleration method.
IV. Results
A. Fixed Blade Simulations
The purpose of conducting the fixed-wing setting simulations was two-fold: i) to identify the mesh parameters necessary for resolving the tip vortex in simulations and ii) to analyze the effect of the blade shape on the size and intensity of the tip vortex.
It was found that to resolve the tip vortex, volumetric-controlled areas should be incorporated into the mesh. Figure 4a shows how the vortex structure looks like without the use of volumetric controls. The vortex shape resembles the cell element shape instead of being circular. By implementing two volumetric controls as described in the previous section, this issue was addressed as shown in Fig. 4b .
The mesh sensitivity study was conducted at the angle of attack of 10 degrees to determine the target element sizes in all regions of the mesh. To determine a number of mesh elements needed to obtain a mesh independent solution, the changes in the lift and drag coefficients and were monitored. It was found that these changes became minor when the number of mesh cells was increased from 2.2 to 3 million (Fig. 5) . The difference in the values of between the two finest meshes is of 0.2%. Similarly, the difference in the values is about 0.5%. Based on these results, the mesh with two volume controls that contains 2.2 million cells was chosen for analyzing the effect of the blade shape on the size and intensity of the tip vortex.
The effect of the blade shape was analyzed at three angles of attack: 0, 5, and 10 degrees. In the current paper, results are only presented for the 10-degree angle of attack at the chord-based Reynolds number of 5.7 × 10 4 . Two turbulence models were used in simulations: Menter's Shear Stress Transport (SST) version of the k-ω model 33 and the Spalart-Allmaras (SA) model 34 . Differences in the results produced with the two models for the fixed blade setting were found to be negligible. Therefore, results presented are those obtained with the SST turbulence model. In Figure 6 , the vorticity contours at distances of 1, 3, and 7 chord lengths downstream of the blade are compared for the bio-inspired (left) and rectangular (right) blades. As demonstrated in the figure, the vorticity magnitude decreases more rapidly behind the bio-inspired blade. Similar observations can be made for the turbulence kinetic energy k (Fig. 7) . The rectangular blade generates a vortex with higher values of k than the bio-inspired blade does. The area of higher turbulent kinetic energy level behind the blade tip is larger for the rectangular blade. The midrange values of k for the bioinspired wing are projected between one and two chord lengths (13-26 mm) behind the blade, whereas the rectangular blade has midrange values that extend twice as far (26-52 mm) . The decrease in vorticity and k shown in Figs. 6 and 7 confirms that using the bioinspired blade reduces the strength and size of the tip vortex.
Once the location and size of the vortex core for a given downstream distance was determined, the profiles of turbulent kinetic energy, velocity deficit, U D , and tangential velocity, u θ , were used to compare the nearwake flow structure behind the bio-inspired blade and the rectangular one. In Figure 8 , these profiles are shown at the distance of one chord length downstream of each blade.
The level of turbulent kinetic energy is higher behind the rectangular blade across most of the vortex (Fig. 8a ). The maximum difference between the k-profiles for rectangular and bio-inspired blades is about 35%. The difference in the maximum value of the axial velocity deficit defined as
is about 15% less for the bio-inspired blade (Fig. 8b) . The magnitude of the tangential velocity in the tip vortex behind the rectangular blade is greater over most of the profile (Fig. 8c) , which translates to a stronger vortex. A decrease in the tangential velocity for the tip vortex behind the bio-inspired blade should alleviate noise and vibratory airloads on an aircraft 35 . For comparison, a profile for the Burger's vortex is also shown in Fig. 8c . A two-dimensional Burgers' vortex 36 corresponds to a laminar vortex produced by radial inflow and axial outflow and can be obtained from the following equation 37 :
There is some disagreement between the three profiles shown in Fig. 8c at the negative values of r/r c , which can be attributed to the flow turbulence and to the flow-blocking effect that the blade geometry has on the downstream flow field. However, the overall trend is satisfied by both tip vortices. The shape and values seen in Fig. 8 match those found in Refs. 3, 15, 38, and 39, confirming the validity of the simulation results. In Figure 8 , the vortex core radius is used to normalize the radial distance from the vortex core center. The vortex core radius is defined as a half of the distance between the peaks of the tangential velocity profile shown in Fig. 8c . The vortex core radius is about 1.25 × 10 −3 m at the location of data collection for both blades.
B. Rotating Blade
A mesh convergence study was conducted for the rotating blade simulations. Four grid configurations ranging from 611,000 elements to 3,179,000 elements were generated for this purpose. The lift coefficient, C L , was monitored for the rectangular blade at the simulation time 5 s. Figure 9 shows that the lift coefficient changed by 0.3% when a number of cells was increased from 2 to 3 million. Based on these results, the 2 million cell mesh was chosen for the following simulations. A time-step sensitivity study was also conducted to select the suitable time step interval for the rotating blade simulations. Two time steps were used, 0.01s and 0.001s. Total time span was 5 s. The lift coefficients were monitored for each blade and it was found that the time step interval had a very small effect on the lift coefficient (C L values changed by less than 0.01%). However, the wake shape differed greatly depending on the time step. The smallest time step 0.001s was chosen for the following simulations as it yielded lower residuals.
The results shown in Figs. 10-12 correspond to the blades at the 10 degree angle of attack, rotating at 6 rps. The simulations were conducted over a 10 s time span. Menter's Shear Stress Transport (SST) version of the k-ω model 33 was used with the curvature correction enabled. The curvature correction allows for more accurate simulation of swirling flows, such as the flow in the wake of a rotating blade. Vorticity contours were compared for both blades at planes located at y = 0. Figures 10 and 11 show the contours for both the rectangular and the bio-inspired blades. In Fig.  10 , the vortex on the left side is the one shed most recently from the blade. The vortex close-up is given in Fig. 11 . Qualitatively, it appears that the areas of high intensity are smaller for the vortex generated by the bio-inspired blade than that of shed from the rectangular blade. The vorticity magnitude decreases for both blades as the vortex travels downstream from a blade.
The turbulent kinetic energy contours are shown in Fig.  12 . The contours correspond to a distance of 10.25 chords from the inlet, which is the blade location. The rectangular blade has higher values of k that are distributed over a greater area than in the bio-inspired blade flow. The mid-range k values extend longer into the wake on the rectangular blade than they do in the wake behind the bio-inspired blade. This indicates that the vortex behind the bio-inspired blade is smaller and weaker than in the rectangular blade wake.
In Figure 13 , the profiles of turbulent kinetic energy, velocity deficit, and tangential velocity are shown for the two blades at the same location as the vortices in Fig. 6 . At this location, the vortices behind the both blades have the vortex core radius of 0.08 m. The vortex behind the bioinspired blade has lower values of k across most of the vortex (Fig. 13a) . The maximum decrease in the k-value is 23% (0.0191 J/kg) in the vortex behind the bio-inspired blade to compare with that is observed in the vortex behind the rectangular blade. The peak of the axial velocity deficit in the vortex behind the bio-inspired blade is 52% less than that of in the vortex generated by the rectangular blade (Fig. 13b) . In a case of rotating blades, the velocity deficit is defined similar to (2) , except that the tip velocity is used in place of the freestream velocity. The tangential velocity profiles of the two blades are close in values (Fig. 13c) . Overall, the profiles of turbulent kinetic energy, velocity deficit, and tangential velocity confirm that the vortex generated behind rotating bio-inspired blade is smaller and weaker that the one behind the rotating rectangular blade.
V. Conclusion
In the current study, the analysis of the insect orders with the purpose of determining an insect whose flight characteristics are close to the design parameters of a small rotorcraft was conducted. Cicadas were determined as the most favorable specie to study. Computational analysis of a flow structure around and behind fixed and rotating blades with the shape of a cicada wing was performed to identify potential benefits of using such a wing as a prototype for aerodynamic applications. Simulations were conducted at different angles of attack. Particular focus was given to the tip vortex generated by the blades. Contours of vorticity and turbulent kinetic energy along with the profiles of turbulent kinetic energy, axial velocity deficit, and tangential velocity in the near-wake of fixed and rotating bio-inspired blades were compared with those corresponding to fixed and rotating rectangular blades with the matching span length and surface area. Simulation results demonstrated the advantages of the bio-inspired blade. That is, the vortex size and strength is reduced aft of the blade tip. 
